Liquid Identification by a Micro-electro-mechanical Interdigital Transducer
A surface-acoustic-mode Aluminum Nitride (AlN) transducer is utilized to determine the type of liquid dropped on the propagation path. It is based on tracking the shrinking droplet radius and observing stagnant liquid molecules during and after the liquid evaporation process. The device configuration is suitable to test small amounts of liquids, in the microliter range.
According to both mass loading and physical property mechanisms, eight samples of liquids, isopropanol (IPA), ethanol (ETH), deionized-water (DW), tap water (TW), heptane (HEP), propylene glycol monomethyl ether acetate (PGMEA), hexamethyldisilazane (HMDS) and acetone (ACE), which have different equilibrium vapor pressures, molecular weights and boiling points, are accurately detected. The experimental results show that the rate of the change in the energy loss including a slow and fast attenuation region depends on the change of physical properties, such as density, sound speed in liquids and evaporation rate, during the evaporation process. As the evaporation rate of the DW is rather slow, the slow attenuation region occurs for a longer time than the fast one. Consequently, the whole oscillation duration of the attenuation occurs for a longer time, whereas that of the other liquids studied, like ACE, ETH, IPA having a faster evaporation rate is shorter. . Owing to the leakage phenomenon of a longitudinal wave component into a liquid medium, the SAW device is rarely used in liquid sensing applications where generally a large liquid volume is placed on the whole propagation path [5] [6] . However, this component is extremely sensitive to surface mass density induced by the active force of an object, such as a thin gold film 7 , a microliter droplet 8 , a moving liquid [9] [10] [11] , and contaminated liquid 12 on or through the piezoelectric surface. For liquid applications, a measurable energy loss detects the type of liquid. In our previous work, identification of the liquid present on the propagation path is based on stagnant liquid molecules on the surface 8 . In this paper, we employ physical properties, such as the liquid evaporation rate, sound speed and density, to enhance the accuracy of surface-acoustic-mode Aluminum Nitride (AlN) transducers.
In all commonly used biosensors for microfluidic applications, such as interdigital sensors (SH-SAW, SH-APM and FPW mode 5 ), transducer resonators 13 and capacitive sensors [14] [15] , detection mechanisms are based on one property like mass loading (a frequency change can result from an absorption of the contacting liquid without the attenuation effects) 16 , physical properties (changes in operating frequency and attenuation effects induced by rheological properties or thermal effects of any liquid medium in contact with the piezoelectric) 16, 17 , resistance and capacitance properties (changes induced by the dielectric constant of the medium between the plates or fluidic pressure variation) 14, 15 . We employ both physical properties (liquid density, sound speed in liquids and evaporation rate) and mass loading (concentration of stagnant liquid molecules) during and after the evaporation process to identify the liquid. Specifically, during this process, a phase transition from liquid to gas phase of the molecules at the droplet surface takes place quickly or slowly depending on the evaporation rate of each liquid 18 . It leads to a different attenuation duration for SAWs for each liquid. This attenuation variation depends on the density and sound speed in liquids. When the dynamic equilibrium is reached, the evaporation process stops. There are liquid molecules left on the surface, which alter the mass density of the piezoelectric surface. 
II. ANALYSIS OF THE TRANSDUCER RESPONSE DURING THE LIQUID EVAPORATION PROCESS
A. The shape of the droplet and the energy attenuation of the SAW device
After the liquid to be identified is dropped on the propagation path of a SAW transducer, the evaporation process of the droplet starts. Before the dynamic equilibrium is reached, the droplet radius decreases and creates a 'blank' area on the surface like a non-leaky medium, and there is a signal at the receiver. Consequently, the transducer response is attenuated due to the smaller energy absorption inside the liquid medium. It changes continuously in correspondence of the variation of the 'blank' area on the surface. The rate of this variation depends on the evaporation rate of the liquid. The power dissipation into the liquid medium is a much more remarkable effect than the frequency shift caused by the change in the surface mass density. Therefore, in this section, this frequency shift is ignored during the evaporation process. 
where , a, λ and are the Rayleigh velocity, the amplitude of Rayleigh component, the wavelength and the piezoelectric density, respectively, while r 0 is the droplet radius after dropping the liquid as shown in Fig. 1 .
At the contact area between the piezoelectric and the liquid medium, the amplitude of Rayleigh waves is equal to that of longitudinal waves into liquid at Rayleigh angle θ R = acrsin( / ) = 17.3 0 , which is assumed to be smaller than the critical 4 angle θ 0 during the transient evaporation time of the droplet. The volume variation here relates to the shrinking contact radius and the contact angle at a much slower rate, called as constant contact angle (CA) 20 . For the CA mode, the constant contact angle and the height of the droplet are not considered. As the contour of the droplet on the surface is a new circle with variable radius r, the energy absorbed into the liquid medium per second is estimated as follows:
Here, and are the liquid density and the liquid velocity, respectively. When the constant contact angle and the height of the droplet are neglected, the fractional change in the total energy loss E t before and after traveling through the liquid medium is proportional to the fractional change between Rayleigh wave energy losses E and dE resulting from the leakage of Rayleigh waves into the liquid medium. It is also referred to a proportional coefficient of the energy loss ( ) given by:
As the contact angle at 0 = /3 is assumed to be almost constant and always larger than the Rayleigh angle, the change in droplet radius is in response to the energy loss during the evaporation process. With each liquid, the initial contact angle is different and measured by the video-based optical contact angle measuring instrument. The droplet radius is a function of the time as given by 20, 21 :
where 0 = (
and ( Table 1 22, 23, 25
. From Eqs. 3 and 4, the fractional change depends on physical properties of the liquid such as density, sound speed in the liquid and rate of evaporation. The fractional change of the CA mode in Fig. 2 is a function of the liquid contact radius related to the initial contact angle θ 0 = π/3 and to the liquid volume. It has two descending parts during the transient evaporation time.
One refers to a fast attenuation region when the fractional change descends quickly and the other is a slow attenuation region when it varies more slowly. These regions are separated by two tangents of the fractional change line, with a factor 10 difference in slope. B. Mass sensitivity of the SAW device The second detection mechanism employs a comparison of the variation of the transducer response due to the change in the density mass on the surface. When it reaches the equilibrium, there is no change in the amount of liquid or vapor. Ultimately, as liquid molecules are left after the evaporation process, a change in the surface mass density of the piezoelectric surface is observed. Each liquid has a different pattern formation by the self-assembly of the molecules at the end of the evaporation process. For example, when they have rather different properties like the case for IPA or ETH with HEP, or even when the 6 physical properties such as the boiling point, the vapor pressure, and the molecular weight are quite similar (IPA and ETH), the concentration and pattern formation of the stagnant liquid molecules are dissimilar (see Fig. 3 ). At the dynamic equilibrium, the measured transducer responses are almost constant. The fractional change α(r) is approximately zero because the radius of the liquid droplet and the contact angle of the concentrated liquid molecules go to zero (see Eq. 4). Therefore, the absorption caused by the leakage phenomenon is ignored. The remaining liquid molecules after the evaporation form dense monolayers or multilayers k i of molecules 25 which are also referred as clusters. This leads to perturbations on the surface and change the areal mass density. As chosen liquids are pure and are tested in the same condition, this change only depends on the size (molecular weight) and concentration of the molecules. The stagnant liquid molecules on the solid surface refer to hard macromolecules adhering to the thin AlN film, which cause a roughness increase of the film surface. Regarding the formation of the liquid molecule layers on the thin film, the surface mass density, also called areal density, is given by the ratio of the mass to the area. The area includes the AlN surface a AlN which is not covered by the liquid and total meniscus areas a l of n liquid clusters. The height of the monolayer cluster meniscus is negligible and the meniscus area is approximated to its 2D projection on the thin film surface. Hence, the average areal density is written by: 
where ρ AlN , h, N, ̅ are the density and the thickness of the thin film, the total stagnant liquid molecules and the average molecule concertation in the layer of the cluster in contact with the thin film, respectively. After the evaporation process, the 7 variation of the surface mass density leads to the fractional change in the kinetic energy density of SAWs as well as the negative fractional change of the wave velocity and the operating frequency which is given by 16 : ( 0 2 + 0 2 + 0 2 ) only depends on electromechanical properties of the surface material, thus this factor is mostly constant for any liquid. If the remaining liquid molecules on the surface are negligible, like for deionized water, the mass density change is almost constant. Hence, the change in the kinetic energy density only depends on the mass sensitivity factor of the material.
On the contrary, if they are rather significant like for IPA, ETH and HEP (see Fig. 3 ), the output signal of the SAW device is significantly perturbed. By using a network analyzer in the measurement setup, the SAW device is incorporated as a feed-backloop oscillator; so that, the fractional frequency variation . Therefore, from
Eqs. 7 and 8, the fractional change of the frequency is calculated as:
Here, is the molecule sensitivity factor which depends on the type of liquid. Besides the characteristics of the thin film, the fractional change of the SAW frequency caused by surface perturbations is dependent on the molecular weight, the average molecule concentration in the layer of the cluster, the number of clusters and the density of the liquid. Especially, for the monolayer pattern of the liquid molecules, it depends only on the molecular weight and the total number of molecules on the propagation path.
III. SAW DEVICE FABRICATION AND CHARACTERIZATION
The device used for experiments (see Fig. 4 ) is based on our previous design 8 , but optimized by enlarging the aperture size and implementing a deep cavity for containing very small liquid volumes (down to 0.1 µl). Main device parameters are summarized in Table 2 . With this modified configuration, a more precise detection mechanism based on physical properties and mass loading as presented above, can be experimentally validated. The aim of the fabrication of the deep cavity using the SiO 2 thick film (Fig. 4a) is to prevent contact between the measurement probes and the liquid during the measurement process.
The measurement system is shown in Fig. 4b . An immediate frequency (IF) bandwidth of 100 Hz is setup to reduce noise 8 sidebands and residual frequency modulation (FM) when the radio frequency (RF) signal is mixed with local oscillator (LO) signal of a local oscillator in the network analyzer. Simultaneously, the highest power, 5dBm, is applied at the input port, thus the measurement dynamic range is improved 27 . 
Parameters Value Unit
Number of the input and output fingers 40x40
The cavity 2x2.5 mm The evaporation rate of each liquid depends on some physical properties such as boiling point and vapor pressure. In this study, we used eight liquids with different boiling point, vapor pressure and molecule weight, as reported in Fig. 5a . The evaporation rate and the concentration of the stagnant liquid molecules, ordered from low to high, are shown in Fig. 5b . Tap water is quite similar to deionized water but the stagnant molecule concentration is denser and the evaporation rate is estimated 9 to be quicker because of the presence of mineral ions (sodium iron, copper, bromide and calcium). Water has the slowest evaporation rate because it has a dipole-dipole interactions O-H with the others molecules. Water molecules are interconnected by the hydrogen bonding O-H which is much stronger than the other hydrogen bonding like H-F or C-H. The dipole-dipole interactions O-C for ACE, IPA and HEP are weaker than for water 28 . All tests are executed at the same environment conditions (like temperature, humidity) and initial conditions for each liquid type (like volume). As the surface tension and the cohesive force of some used liquids are weak, they overflow around the cavity after dropping. The optical micrographs of a droplet evaporation process are shown in Fig. 6a . For the first 140 seconds, the slow attenuation region, the droplet shape varies rather slowly and then extremely quickly till it evaporates completely in 257 seconds. At the beginning, the measured insertion loss IL has a minor oscillation because of the slight non-uniform energy distribution on the propagation path, the deformation of the contact angle, as well as the slight deformation of the contact radius.
IV. RESULTS AND DISCUSSIONS
Therefore, in fact, there is a gradual movement of the attenuation. The fraction change of the SAW device is calculated by the difference of sequential insertion losses ( ) = ∆ = ̅̅̅̅ − −1 ̅̅̅̅̅̅̅ . The fractional change varies rather slowly like the change of the droplet shape in the slow attenuation region, as shown in Fig. 6b . When the droplet starts to shrink and changes quickly till it evaporates completely, a fast attenuation occurrence is observed. The duration of these regions depends mostly on contact area deformations of the droplet which is a contact boundary of leaky SAWs from piezoelectric medium to liquid medium. These attenuation regions, in both theoretical and experimental data, are divided by tangent lines with the same factor difference in slope. The region boundary created by a set of tangent lines is a boundary for gradual dα 1 The presence of the stagnant liquid molecules leads to change in the mass density on the surface, thus making the output signal frequency shift and the noise increases as compared to the signal before dropping the liquid. Based on the uniform color of recorded micrographs, the form of PGMEA, TW, and DW molecules left are almost monolayer patterns, while that of others has almost multilayer patterns. The variation of the mass density is proportional to the increase of the stagnant liquid molecules on the surface. The generated noise-to-signal ratio (NSR) is shown in Fig. 8 . Micrographs of the propagation path of the SAW device after the evaporation process of IPA, ACE, ETH, HMDS and HEP show rather concentrated latex molecules. Based on the interference patterns of the liquid meniscus, liquid molecules are packed inside varying multiple layers. Their noise signal 12 ratio oscillates more, especially at the center frequency. Therefore, like the order of the liquids as shown in Fig. 5b , the noise signal ratio (NSR) of DW, TW and PGMEA is the smallest and sparsest whereas the others have more oscillation at the center frequency, especially ACE because of the obstruction of the many layers of molecules and the higher molecule concentration. As the frequency shift is proportional to the molecule concentration of the stagnant liquid on the propagation path, the order of the decreasing frequency shift of ACE, HEP, HMDS, ETH, IPA, PGMEA, TW and DW is in good agreement with the predicted one based on the theoretical analyses presented in section II.B. The frequency shift is calculated from the frequency difference of the attenuation peaks before and after the liquid evaporation process, and is shown in Fig. 9 . If tap water is referred to a reference sample for noise caused by stagnant liquid molecules on the propagation path, a product (NS l ) of the molecule sensitivity factor and the stagnant liquid molecule, referred to a liquid sensitivity factor, is calculated by the measured frequency shift as shown in Eq. 9. Values of 20.66, 17.69, 14.71, 10.29, 6.51, 2.34 and 0 g/cm 2 are in regards to liquid sensitivity factors of ACE, HEP, HMDS, ETH, IPA, PGMEA and DW, respectively. It demonstrates a match of optical images (see Fig. 8 ) and experimental data (see Fig. 9 ) of eight liquids. For quite different samples like DW and IPA, it can be detected by a parameter like the presence of slow attenuation region of the fractional change, variation duration of the fractional change or noise. For 13 quite similar samples like ACE and IPA or DW and TW, the detection process needs more observations like deformation velocity of the contact area, noise and frequency shift. Table 3 summarizes the characteristics of the eight liquids tested, demonstrating that it is indeed possible to identify these liquids using the SAW transducer.
V. CONCLUSIONS
This paper presents a potential method for identifying liquid samples of microliter volumes in microfluidic biosensors. It is based on a surface-acoustic-mode AlN transducer using two detection mechanisms, physical properties and mass loading, during and after the evaporation process of the liquid. The fraction change of the attenuation is proportional to physical properties, such as evaporation rate, sound speed and density of the liquid. The frequency shift after the evaporation process is a function of the concentration of stagnant liquid molecules. The oscillation magnitude and duration of the fraction change α, noise-to-signal ratio NSR and frequency shift ∆ are a good approach to recognize the type of liquid. The obtained experimental data for eight liquids, ACE, HEP, HMDS, ETH, IPA, PGMEA, TW and DW, are in good agreement with the theoretical analyses, thus validating the effectiveness of the proposed method.
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